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Abstract 
NASICON-type Li1.5Al0.5Ge1.5(PO4)3 (LAGP) solid electrolyte thin film was 
fabricated without any heat treatment by aerosol deposition (AD). Ball-milled LAGP 
powders with different particle sizes were used as raw material and deposited directly on 
a stainless steel substrate via room temperature impact consolidation. X-ray diffraction 
patterns revealed that as-deposited LAGP film has a same crystal structure with raw 
LAGP powder and no secondary phases are formed during deposition. SEM observation 
showed that film consists of fractured LAGP nanoparticles but the porosity is strongly 
influenced by an averaged particle size of raw LAGP powder. Maximum total (bulk + 
grain-boundary) ionic conductivity at room temperature in aerosol deposited (ADed) 
LAGP film was 0.5  10-5 S cm-1, while the bulk conductivity of film is approximately 
10-4 S cm-1, which is comparable with the bulk property of LAGP as previously reported. 
Therefore, lower total conductivity of ADed LAGP film is mainly attributed to large 
grain-boundary resistance between the LAGP nanoparticles in the film. Improvement of 
film density and the connectivity among the LAGP nanoparticles in the film should be 
needed to enhance the total conductivity. 
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conductivity 
 
 
 
 
 
 3
1. Introduction 
    All-solid-state lithium-ion batteries (LiBs) are expected as one of the next generation 
energy storage devices because of their high energy density, high safety and excellent 
cycle stability [13]. Development of solid inorganic lithium-ion conducting materials 
used as solid electrolyte is the most important issue for realization of all solid-state LiBs. 
The materials used for solid electrolyte must have not only high lithium-ion conductivity 
σLi > 10-3 S cm-1 at room temperature but also chemical stability against metallic lithium 
or lithiated negative electrode, air and moisture. Although oxide based solid electrolytes 
have rather lower σLi than sulfide based one, they have other advantages such as their 
chemical stability and easiness for handling.  
Among various oxide based solid electrolytes, Li1.5Al0.5Ge1.5(PO4)3 (LAGP) [410] 
with NASICON-type framework has several advantages over other electrolytes such as 
Li1+xAlxTi2-x(PO4)3 (LATP) [1113], Li2/33xLaxTiO3 (LLT) [1417] and Li7La3Zr2O12 
(LLZ) [1821]. Although LATP have also NASICON-type structure and higher σLi than 
LAGP, LAGP has a wider electrochemical potential window than LATP which reacts with 
Li at ~2.4 V vs. Li/Li+ due to the Ti4+/Ti3+ redox reaction [6, 9]. Perovskite-type LLT has 
much higher bulk ionic conductivity than LAGP, but very high temperature sintering 
above 1400C must be applied for densification and reduction of grain-boundary 
resistance [15]. In addition, LLT also reacts with Li at ~1.7 V vs. Li/Li+ due to the Ti4+/Ti3+ 
redox reaction [16, 17]. Such narrow electrochemical stability window for LATP and LLT 
gives a difficulty to use them in a practical use for solid-state LiBs. Compared to garnet-
type LLZ solid electrolytes, LAGP can be easily synthesized without any phase transition 
during synthesis condition such as heat-treatment temperature and elementary 
composition [1821]. σLi of sintered LAGP is 10-4 S cm-1 at room temperature and at 
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least one digit lower than organic liquid electrolyte. This property has not been regarded 
as high enough for practical use in all-solid-state batteries operating at room temperature.  
Solid electrolyte thin film provides low electrical resistance, small size of a device 
and increasing volumetric energy density for all-solid-state battery. Several studies have 
been carried out for preparing thin film solid electrolyte using RF magnetron sputtering 
[22–25], pulsed laser deposition [26, 27] and sol-gel methods [28–30]. These methods 
are efficient for fabricating uniform film and controlling the film thickness, but in some 
cases, it is difficult to control elementary composition. Moreover, increasing substrate 
temperature during deposition and/or post-annealing should be necessary to obtain well-
crystallized thin films. Since high temperature treatments may lead to undesired reactions 
at the interface or uncontrolled diffusion between electrode and solid electrolyte, these 
methods are not recommended in some cases and inadequate for fabricating all-solid-state 
batteries. 
Aerosol deposition (AD) has many advantages compared to other conventional thin 
film deposition methods as mentioned above, including deposition of a crystallized thin 
film without any heat treatments and a fast deposition rate [3133]. A film is deposited 
through impact and adhesion of fine particles on substrate at room temperature. This 
phenomenon is called as “room temperature impact consolidation (RTIC)” (Fig. 1). 
Consequently, as-deposited film has similar properties with raw powder material, such as 
the crystal structure, composition and physical property. AD additionally provides a 
number of advantages, including room temperature deposition and high adhesion strength 
with a substrate [3133]. By addressing these attractive features, numerous studies to 
form thin film by using AD have been reported in various functional ceramic materials, 
including Pb(Zr,Ti)O3 (PZT) [32, 33], (K0.5Na0.5)NbO3 [34], TiO2 [35], and Ca3Co4O9 
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films [36]. Several papers have been also reported in the battery field. Popovici et al. 
reported the adoption of AD to prepare LATP solid electrolyte film and the as-deposited 
film showed total conductivity of 1.1  10-6 S cm-1 at 22ºC [37]. Ahn et al. also reported 
the properties of LLZ solid electrolyte film fabricated by AD without any heat treatment, 
but the conductivity is 10-8 S cm-1 even at 140ºC [38], which is much lower than sintered 
LLZ [18]. The electrochemical properties of Si alloy or composite [3942], LiMnO2 [43], 
LiNi1/3Co1/3Mn1/3O2 [44, 45], LiFePO4 [46], Li4Ti5O12 [47] and Fe2O3 [48] film electrodes 
were also investigated to verify the feasibility of AD.  
In this paper, we fabricated NASICON-type LAGP solid electrolyte thin film by AD. 
Although LAGP is not stable against lithium metal [10], it has a much wider 
electrochemical potential window than LATP and LLT. For constituting all-solid-state 
LiB using LAGP, several anode materials operating at high potential for lithium-ion 
storage such as Li4Ti5O12, TiO2 and Nb2O5 can be potentially used. LLZ is known to be 
stable against lithium metal and have better electrochemical stability than LAGP, but 
synthesis of LAGP is much easier than LLZ. Furthermore, fabrication of LATP film with 
NASICON-type crystal structure has been demonstrated in [37], so that we selected 
LAGP as the materials for fabrication of solid-electrolyte thin film by AD. LAGP 
powders with different particle sizes were directly used as raw material for LAGP film 
formation via RTIC. The crystallinity, microstructure and ionic conductivity of as-
deposited LAGP film without any heat treatment were investigated. 
 
2.  Experimental 
LAGP powder was prepared by a conventional solid state reaction method. 
Stoichiometric amounts of Li2CO3 (Kojundo Chemical Laboratory Co., Ltd., 99.99%), -
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Al2O3 (Kojundo Chemical Laboratory Co., Ltd., 99.9%), GeO2 (Kojundo Chemical 
Laboratory Co., Ltd., 99.99%), and NH4H2PO4 (Nacalai Tesque Inc., 99%) were ground 
with acetone in an agate mortar, and then calcined at 450°C for 20 h in Pt-Au5% alloy 
crucible. The calcined powders were ground again and pressed into pellets. Finally, the 
pellets were annealed at 950°C for 10 h in air using Pt-Au5% alloy crucible.  
It has been reported that both size and morphology of raw powder are important 
factors for structure and property of an ADed film [27, 45, 47]. In order to prepare LAGP 
powders with different particle size, as-synthesized LAGP powder was pulverized using 
planetary ball-milling (Nagao System, Planet M2-3F) with ethanol and zirconia ball (2 
mm in diameter) for different milling time of 3 h and 4.5 h. Rotation speed of planetary 
ball-milling was fixed to 300 rpm. Obtained LAGP powders with different milling time 
were used as raw material for fabrication of LAGP film.  
Schematic illustration of AD apparatus is shown in Fig. 2. It consists of a carrier gas 
supply system, an aerosol chamber, a deposition chamber equipped with a motored 
XYZ stage and a nozzle with a thin rectangular shaped-orifice with the size of 10 mm 
 0.5 mm. Deposition starts with evacuating deposition chamber. A pressure difference 
between carrier gas system and deposition chamber is generated as a power source for 
film deposition. A carrier gas flows out from gas supply system to aerosol chamber. In 
aerosol chamber, powder is dispersed into carrier gas with no agglomeration. Finally, well 
dispersed aerosol flows into deposition chamber through a tube and is sprayed onto 
substrate. Stainless steel SUS316L plate with a thickness of 0.2 mm was used as a 
substrate. The deposition area was masked into a square shape with an area size of 10  
10 mm2. Nitrogen (N2) gas was used as a carrier gas. Deposition chamber was evacuated 
to a low vacuum state around 10 Pa and deposition was carried out for 20 minutes. During 
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deposition process, the stage was moved uni-axially with back-and-forth motion length 
of 50 mm. Distance between tip of nozzle and substrate was set to be 10 mm. According 
to our previous study for ADed Li4Ti5O12 film [47], mass flow of N2 carrier gas was fixed 
to 20 L min-1. Simple tape testing was also carried out to confirm the adhesion between 
as-deposited LAGP film and substrate. Kapton® tape was put on to the film and then it 
peeled, but film exfoliation was not occurred. 
Crystal structure of both LAGP powders and ADed LAGP film was evaluated by X-
ray Diffractometer (MultiFlex, Rigaku) using CuKα radiation (λ = 0.15418 nm), with 
measurement range 2 = 590° and step interval of 0.04°. Field emission scanning 
electron microscope (FE-SEM, SU8000 Type II, Hitachi) was used to observe 
microstructure of both powders and ADed films. Ionic conductivity of ADed LAGP film 
was evaluated at 27°C and frequency from 5 Hz to 5 MHz with applied voltage amplitude 
of 0.1 V, using both Hioki Chemical Impedance Meter 3532-80 (for the measurement up 
to 1 MHz) and Hioki LCR Hightester 3532-50 (for the measurement from 1 MHz to 5 
MHz). Before the conductivity measurements, one parallel surface of LAGP film was 
sputtered with Au with an area size of 0.8  0.8 cm2, so that the film was sandwiched with 
SUS316L and Au as Li+ blocking electrodes as shown in Fig. 3.  
 
3.  Results and discussion 
XRD pattern for as-synthesized LAGP powder is shown in Fig. 4(a). Although very 
small amounts of GeO2, AlPO4 and Li4P2O7 are included, all the main peaks for as-
synthesized powder well match to the pattern for LiGe2(PO4)3 (LGP) with NASICON-
type structure [49], so that NASICON-type LAGP powder could be synthesized. 25% of 
Ge in LGP has been substituted by Al, but the diffraction peaks are not dramatically 
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shifted, due to the similarity in ionic radius between Ge4+ (0.053 nm) and Al3+ (0.050 nm). 
Fig. 4(b) shows SEM image of as-synthesized LAGP powder. Cuboid-shaped LAGP 
particles with the size of 23 m are obtained.  
Size and morphology of raw powder materials are one of the important factors for 
structure and property of ADed film. Moreover, we could not fabricate LAGP film using 
as-synthesized LAGP powders (Fig. 4(b)) as raw materials, so that as-synthesized LAGP 
powders were pulverized by ball-milling to control the particle sizes of LAGP suitable 
for AD. SEM images of ball-milled LAGP powders with different milling time of 3 h and 
4.5 h are shown in Fig. 5(a) and (b), respectively. Compared with as-synthesized powder 
(Fig. 4(b)), the particle sizes of ball-milled LAGP powders are clearly reduced. Moreover, 
the averaged particle size is confirmed to be decreased monotonically with increasing 
milling time. The powders milled for 3 h (Fig. 5(a)) dominantly contain LAGP particles 
with the size of 0.51 m while for the powders milled for 4.5 h (Fig. 5(b)), LAGP 
particles with the size of 0.30.5 m are dominantly included and some of them are 
partially agglomerated. These two LAGP powders were directly used as raw materials for 
LAGP film fabrication by AD. 
XRD patterns for ADed LAGP film on SUS316L substrate are shown in Fig. 6. For 
comparison, the patterns for LAGP powder is also plotted. The peaks from LAGP with 
NASICON-type structure are clearly observed in ADed LAGP film, together with the 
peaks from the substrate. This indicates that crystalline LAGP film was successfully 
fabricated without applying any heat treatments. The peaks from other secondary phases 
were not observed. This feature is a advantage over other conventional thin film 
deposition methods such as sputtering and sol-gel method, because by using these 
deposition methods, heat treatment such as heating substrate during deposition or post 
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annealing should be necessary to obtain well crystallized film [2430]. However, it 
should be noted that the absolute value of peak intensity in raw LAGP powder is 
approximately 10 times larger than that for ADed LAGP film. In addition, the peaks for 
LAGP film becomes broader than those for LAGP powder used as raw material. Similar 
phenomenon has been confirmed in other ADed films [3138, 44, 46, 48].  
Fig. 7 shows SEM images of surface (left) and cross-section (right) of ADed LAGP 
films using two different LAGP powders as shown in Fig. 5. It is confirmed that both 
films consist of fractured LAGP particles with the size around 100 nm. Fracturing raw 
LAGP powders during AD process is one of the main reasons for broadening the 
diffraction peaks of ADed LAGP films as mentioned above. The film using 3 h-milled 
powder (Fig. 5(a)) has denser structure than the film using 4.5 h-milled powder. Relative 
film densities calculated from the theoretical density of LAGP (= 3.42 g cm-3) [9] were 
estimated to be approximately 80% for the former while 65% for the latter, which is 
consistent with SEM observation results (Fig. 7). In addition, the thickness of the former 
(= 10 m) is slightly larger than the latter (= 6 m). Since the deposition parameters 
during AD process such as mass flow of carrier gas, pressure of chamber during 
deposition and deposition time are identical, the difference in both microstructure and 
deposition rate among the films is caused by the difference in particle size and 
morphology of raw LAGP powders. In our previous work, we fabricated Li4Ti5O12 (LTO) 
film by AD, using agglomerated powder with the size of 56 m composed of primary 
sub-micron LTO particles as raw material [47]. ADed LTO film showed porous structure 
composed of LTO particles with the size of several 100 nm, which is similar to LAGP 
film using 4.5 h-milled powder as raw material. At present, the detail mechanism to cause 
the difference in microstructure of LAGP films due to size and morphology of raw LAGP 
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powders has not been fully clarified. However, it is evident that at least, well dispersed 
LAGP powder with the size of 0.51 m (Fig. 5(a)) is more suitable to form denser LAGP 
film. 
The conductivity of ADed LAGP films fabricated was examined by AC impedance 
spectroscopy. Nyquist plots of AC impedance measured at 27°C for ADed LAGP films 
are shown in Fig. 8. Here, Z’ and Z” are real and imaginary parts of impedance, 
respectively. For both LAGP films, semicircle and linear portion data were obtained in 
high and low frequency regions, indicating that the conducting nature of the film is 
primary ionic. Intercept point of linear tail in low frequency range with real axis nearly 
corresponds to total (bulk and grain-boundary) resistance Rtotal, while the intercept point 
between semicircle and real axis in high frequency range indicates bulk resistance Rbulk 
of LAGP particle consisting the film [9]. Rtotal of the film using 3 h-milled powders (Fig. 
8(a)) is confirmed to be one digit lower than the film using 4.5 h-milled powders (Fig. 
8(b)). As shown in Fig. 7, since the difference in film thickness among the films is not so 
large (10 m and 6 m), the total conductivity of the film using 3 h-milled powders is 
expected to be much higher than the film using 4.5 h-milled powders. Moreover, as shown 
in the insets in the graphs, the difference in Rbulk among the films seems to be small (5  
and 9 ), so that the large difference in Rtotal among the films is mainly attributed to the 
difference in grain-boundary resistance.  
Bulk and total conductivity bulk ortotal for each ADed LAGP film can be calculated 
by Rbulk and Rtotal estimated from Fig. 8, area of Au electrode A (= 0.64 mm2) on the film 
surface and thickness of each film shown in Fig. 7. As a result, we obtained bulk = 3.1  
10-4 S cm-1 andtotal = 0.5  10-5 S cm-1 at 27°C for the film using 3 h-milled powders 
(Fig. 7(a)), while bulk = 1.0  10-4 S cm-1 andtotal = 0.2  10-6 S cm-1 at 27°C for the 
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film using 4.5 h-milled powders (Fig. 7(b)). total in the former is more than one digit 
higher than the latter while bulk is comparable among the films. As shown in Fig. 7, the 
latter has more porous structure and lower film density so that grain-boundary resistance 
of the latter is much larger than the former.  
Maximum total at room temperature of our LAGP film by AD is comparable with 
amorphous lithium phosphorous oxy-nitride (LiPON) film prepared by magnetron 
sputtering [22, 23], LLZ film by PLD method [26, 27] and LATP film by sol-gel method 
[28, 29] or AD [37], but more than one digit lower than sintered LAGP in the literature 
[38]. The values of bulk at room temperature for sintered LAGP are reported to be in 
the range between 10-4 and 10-3 S cm-1, so that our ADed LAGP films have much larger 
grain-boundary resistance than sintered LAGP while the degradation of bulk by fracturing 
LAGP particles during AD process seems to be not so remarkable. Compared with 
sintered LAGP, the grain size in the film by AD is small, which increase the volume ratio 
between grains and grain-boundaries in the film. Both lower film density (80% as 
maximum in this work) and an increased volume ratio between grain and grain-
boundaries could be considered as main reason to reduce the total in ADed LAGP film. 
Further improvement of total should be necessary for the application to all-solid state LiB, 
and we are currently trying to improve by increasing film density by optimization of 
powder treatments and deposition parameters such as mass flow of career gas and 
inclining angle of the nozzle against the substrate. 
It is worth to note that LiPON [22, 23] and LLZ films [26] are stable even against 
lithium metal so that lithium metal and other various lithiated anode materials with them 
for fabricating solid-state battery. Since LAGP shows better electrochemical stability than 
LATP and LLT but reacts with lithium at the potential around 0.80.9 V vs. Li/Li+ [10], 
 12
it is difficult to contact with lithium metal directly, which is needed for precise 
electrochemical stability measurement [26]. Therefore, we have not examine the stability 
of ADed LAGP film against lithium metal at present. However, the film fabricated by AD 
generally shows similar characteristic properties of raw powder material, such as the 
crystal structure, composition and physical property. Therefore, ADed LAGP film is 
expected to be not stable against lithium metal and anode materials with operating 
potential higher than lithium plating should be used for constituting solid-state battery. 
 
4.  Conclusion 
NASICON-type LAGP solid electrolyte thin film was fabricated on SUS316 
substrate by aerosol deposition (AD). LAGP powders were used as raw material and 
sprayed directly onto a substrate to form LAGP film without applying any heat treatments. 
XRD patterns revealed that aerosol deposited (ADed) LAGP film has a same crystal 
structure with raw LAGP powder and no secondary phases were formed during the film 
deposition. Porosity of ADed LAGP films is strongly influenced by the size of raw LAGP 
particles. Dense LAGP films consisting of fractured LAGP nanoparticles can be obtained 
using LAGP powders with an averaged particle size of 0.51 m. Maximum total ionic 
conductivity at 27C in ADed LAGP film was estimated to be 0.5  10-5 S cm-1. Total 
conductivity is much lower than sintered LAGP, which is mainly due to larger grain-
boundary resistance between fractured LAGP particles in the film. 
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Figure captions 
 
Fig. 1. A schematic illustration of room temperature impact consolidation (RTIC) during 
AD. 
 
Fig. 2. A schematic illustration of AD apparatus. 
 
Fig. 3. The picture of aerosol deposited LAGP film on SUS316L substrate. Au electrode 
is deposited on the film surface. 
 
Fig. 4. X-ray diffraction pattern (a) and SEM image (b) of as-synthesized LAGP 
powders. The pattern for LiGe2(PO4)3 is also shown in (a) as the reference [49]. 
 
Fig. 5. LAGP powders pulverized with different milling time of 3 h (a) and 4.5 h (b). 
Both powders are used as raw materials for LAGP film fabrication by AD. 
 
Fig. 6. X-ray diffraction patterns of aerosol deposited LAGP films using LAGP powders 
with different milling time: (a) 3 h (see Fig. 5(a)) and (b) 4.5 h (Fig. 5(b)). The pattern 
of LAGP powders is also shown in (c) as the reference. 
 
Fig. 7. SEM images of the surface (left) and the cross-section (right) of aerosol 
deposited LAGP films using LAGP powders with different milling time: (a) 3 h (see 
Fig. 5(a)) and (b) 4.5 h (see Fig. 5(b)). 
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Fig. 8. Nyquist plots of AC impedance measured at 27°C for aerosol deposited LAGP 
films using LAGP powders with different milling time: (a) 3 h (see Fig. 5(a)) and (b) 
4.5 h (Fig. 5(b)). Inset in each graph represents the enlarged data around the origin of 
each plot. 
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